Type-II Weyl fermion nodes, located at the touching points between electron and hole pockets, have been recently predicted to occur in distorted octahedral (T ′ ) transition metal dichalcogenide semimetals, contingent upon the condition that the layered crystal has the noncentrosymmetric orthorhombic (T ′ or ) stacking. Here, we report on the emergence of two shear Raman bands activated by inversion symmetry breaking in T ′ -MoTe2 due to sample cooling. Polarization and crystal orientation resolved measurements further point to a phase transition from the monoclinic (T ′ mo ) structure to the desired T ′ or lattice. These results provide spectroscopic evidence that low-temperature T ′ -MoTe2 is suitable for probing type-II Weyl physics.
T
′ transition-metal dichalocgenides (T ′ -TMDCs), in which the metal atoms are octahedrally coordinated and subject to a Peierls-like metal-metal zigzag bonding distortion, are emerging as a class of materials with intriguing non-trivial band topology. Monolayer T ′ -TMDCs have been shown theoretically to be two dimensional topological insulators [1] whereas bulk T ′ -TMDCs with appropriate layer stacking are predicted to be type-II Weyl semimetals [2] . Originally a fundamental highenergy-physics concept in quantum field theory [3] , Weyl fermions have recently been proposed and demonstrated as a new type of condensed matter quasi-particle excitation [4] [5] [6] [7] [8] [9] [10] [11] . In these solid state systems, paired Weyl nodes are located at distinct positions in the crystal momentum space with each node acting as a 'magnetic monopole' from which Berry flux emanates in directions determined by the node's chirality. This leads to anomalous phenomena including Fermi arcs on separate crystal surfaces connected through the bulk [12] , and apparent violation of charge conservation for electrons with a definite chirality propagating in parallel electric and magnetic fields [13] .
Depending upon the material-specific Fermi velocity tensor, the Weyl nodes can either appear as a point-like Fermi surface (type-I) or as the touching points between electron and hole pockets (type-II) [2] . Type-I Weyl nodes have been demonstrated in recent experimental studies of TaAs [6] [7] [8] [9] , NbAs [10] and TaP [11] , while type-II Weyl nodes, a more recent theoretical development [2] [16] , while earlier investigations suggested that the low temperature structure might be altogether different [17, 18] . The T ′ mo lattice has both time-reversal symmetry and inversion symmetry, making it impossible to have the topologically non-trivial electronic bands for a Weyl semimetal. This undesired T ′ mo phase, in fact, prompted the investigation of Mo x W 1−x Te 2 that inherits the T ′ or structure of WTe 2 and enables large Weyl-nodepair separations [19, 20] . From an experimental point of view, MoTe 2 is a stoichiometric compound and would be preferred over Mo x W 1−x Te 2 for investigating Weyl physics provided that its T ′ or phase can be established rigorously. Presently, the existence of orthorhombic T ′ -MoTe 2 is being debated [14, [19] [20] [21] and more experimental studies are needed to elucidate the low-temperature phase of the crystal.
In this Letter, we make use of Raman scattering to systematically monitor the inversion symmetry and the crystal phase of T ′ -MoTe 2 as a function of temperature. At low temperatures, two low-energy modes (at 12.6 and 29.1 cm −1 respectively) associated with interlayer shear vibrations, one perpendicular and the other parallel to the distorted zigzag metal chains, appear in the spectra. We conclude from symmetry analysis that the appearance of the two Raman bands is a consequence of inversion symmetry breaking. The thermal cycling as well as the polarization-resolved and crystal-orientationresolved Raman tensor analysis further confirm that during cooling, a structural phase transtion from T has occurred. These findings provide strong evidence for the low temperature Weyl T ′ or phase of the semimetallic MoTe 2 . Furthermore, our experiments offer insights into inversion symmetry breaking in T ′ -MoTe 2 that can be of significance to nonlinear optics [22, 23] , and open up a venue for investigating stacking dependent vibrational, optical and electronic properties of T ′ -MoTe 2 atomic layers.
The T ′ -MoTe 2 crystal used in this work is grown by chemical vapor transport method using Bromine as the transport agent. At room temperature the most stable phase of MoTe 2 is the hexagonal semiconducting phase (also called α-MoTe 2 ). To crystalize in the metastable semimetallic phase we thermally quench the crystal from 900
• C to room temperature with water bath. The image of a typical crystal is shown in Fig.1(a) . The crystal shows layered structure and needle-like shape with lengths ranging from a few mm to 1 cm. Figure 1 (b) schematically shows our experimental setup. The T ′ -MoTe 2 crystals are mounted in a microscopy cryostat with the flat plane facing up. Linearly polarized light from a frequency doubled Nd:YAG laser at 532 nm is used to excited the sample in back-scattering geometry. We place a half waveplate between the beam splitter (BS) and the microscope objective to adjust the angle θ of the incident light polarization direction with respect to the crystal a-axis. Another half waveplate is mounted in the collection path after the beam splitter followed by a linear polarizer (LP) so that we can selectively collect the scattered light that is polarized either parallel (HH) or perpendicular (HV) to the incident beam. The scattered light is then dispersed by Horiba T64000 triple spectrometer operating in subtractive mode, and detected by a liquid nitrogen cooled CCD camera. • 55 ′ with the b-axis, whereas in the latter the c-axis is perpendicular to the atomic plane. While differing only by a small shift of the atomic layers along the b-axis direction, the two phases have important differences in symmetry. In particular, T ′ mo is inversion symmetric (inversion centers are noted as yellow dots in Fig.1(d) ) while T ′ or is noncentrosymmetric. This inversion symmetry is the key reason why T ′ mo -MoTe 2 can not be a Weyl semimetal [14] , and the breaking of this symmetry is a focus of this paper.
Figure 2(a) shows typical Raman spectra of T ′ -MoTe 2 , collected as the crystal is cooled down from 286 K to 80 K and warmed back up to 286 K, with incident and scattered light linearly polarized perpendicular to each other (HV), and making a 45
• angle with the a-axis of the crystal. Because of the relatively large number of atoms (12) in the T ′ unit cell as compared to the hexagonal phase, the spectra display many first order phonon bands below 300 cm −1 . In this paper we will focus on the low wavenumber regime (Fig.2(b) ) wherein the symmetry-breaking between the T ′ or and T ′ mo phases is readily discerned; systematic analysis of the high-energy optical phonons will be presented elsewhere. As seen in Fig. 2(a) , cooling induces a new Raman peak S 1 at 12.6 cm −1 in the spectrum and it persists when the sample is warmed back up. In Fig.2(b) , we also display spectra with the incident and scattered light linearly po- larized along the a and b axes respectively (HV, θ=0
• ). In this detection configuration, we observe another new Raman band S 2 at 29.1 cm −1 at low temperature. To understand the origin of these new vibrational features, we performed lattice dynamics calculations using plane-wave density functional theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP) [27, 28] . As standard DFT functionals fail to describe interlayer van der Waals bonding correctly, we used the non-local optB86b van der Waals functional [29, 30] , which reproduces the equilibrium geometry of MoTe 2 accurately [31] . By scrutinizing the normal modes from our DFT calculations, we find that in the T ′ mo phase the shear modes along the b and a axes are at 9.2 cm −1 and 27.2 cm −1 , respectively, whereas in T ′ or phase the two modes are found at 15.3 and 29.3 cm −1 . Therefore, we attribute the experimentally observed lowenergy S 1 and S 2 peaks in Fig.2 to the interlayer shear modes along the b and a axes respectively.
Because both T ′ mo and T ′ or phases host these shear vibrations as illustrated in Fig.1(d) &(e) and confirmed by the DFT calculation, it is not obvious to which crystal phase the Raman peaks in Fig.2 belong. Raman intensity of materials can have unusual temperature dependencies [32] . Could it be that the crystal is in the same T ′ mo phase at all temperatures, and that its shear modes somehow only have observable Raman intensity at low temperature? The data in Fig.2(a) suggest that this is not the case: S 1 is absent in the original warm sample at 286 K, shows up at 80 K, and persists as the sample is warmed back up to 286 K. The significant hysteresis (more details in Fig.4) indicates that the appearance of S 1 and S 2 are due to structural, instead of thermal reasons, i.e., at the same temperature the shear modes may or may not appear depending on the underlying crystal structure.
The reason why S 1 and S 2 do not appear in T ′ mo -MoTe 2 Raman spectra can be understood from symmetry. The inversion centers of the monoclinic structure ( Fig.1(d) yellow dots) are located within the MoTe 2 layer. As a result, S 1 and S 2 vibrations change their directions under inversion. These odd shear modes are thus infrared (IR) active. IR and Raman active modes in centrosymmetric crystals are mutually exclusive, which explains the absence of S 1 and S 2 in Raman spectra of T ′ mo -MoTe 2 in Fig.2 . This is in contrast to, say, hexagonal bilayer TMDCs, whose inversion centers are located between the TMDC layers, and which, consequently, have even shear modes that are Raman active [24] [25] [26] . The appearance of S 1 and S 2 Raman bands due to sample cooling thus presents a signature for inversion symmetry breaking, which incidentally and importantly, is also a necessary (albeit not sufficient) condition for the existence of Weyl fermions in a non-magnetic material.
To further establish that the two low-energy Raman peaks are indeed linked to the Weyl T ′ or -MoTe 2 phase, we perform polarization and crystal-orientation resolved Raman tensor analysis. The T ′ or -TMDC structure has three symmetry operations including a mirror plane (m), a glide plane (n) and a two-fold screw axis (2 1 ) that form the C 7 2v group (No. 31 P mn2 1 space group) [15] . Performing these operations explicitly upon the atomic displacements in Figs.1(d) &(e), we found that S 1 along the b axis is symmetric under all three operations, while S 2 along the a axis is symmetric under 2 1 and antisymmetric under the other two operations. Hence S 1 is expected to have A 1 symmetry and S 2 should be A 2 .
The Raman tensor R for the A 1 and A 2 modes of C 2v point group are given respectively by [33] :
The Raman cross-section is expressed as
where ǫ i and ǫ o are polarization states of the incident and scattered light. Consider backscattering geometry using linearly polarized light with ǫ i = (cos θ, sin θ, 0) and ǫ o = (cos φ, sin φ, 0), where θ and φ are angles between the direction of MoTe 2 crystal a-axis and that of the light polarization. The Raman cross sections for A 1 and A 2 are:
In our measurement, HH configuration corresponds to FIG. 3. Polarization (HH or HV configuration) and crystal orientation dependent intensity of shear modes, S1 (red) and S2 (green). The solid curves are fits using equation (3) in the text. The numbers on the angular axis indicate the angle relative to the a-axis of crystal, as denoted by θ in Fig.2 . φ = θ, and HV corresponds to φ = θ + π 2 in Eq.(2). This gives Figure 3 presents the angular dependence of the Raman intensities as well as the fits according to Equation (3) . In HH configuration, the S 1 mode shows two-fold symmetry while S 2 mode shows four-fold symmetry. In contrast, both S 1 and S 2 exhibit four-fold symmetry albeit with 45
• shift in HV scattering geometry. The excellent agreement between data and theoretical calculation verifies the symmetry properties of the two shear modes, and confirms that the observed S 1 and S 2 Raman bands are from the T ′ or phase of the MoTe 2 crystal. To gain more insight into the inversion-symmetrybreaking phase transition from T ′ mo to T ′ or , we monitor the S 1 and S 2 peaks when the sample is cooled down from room temperature and warmed back up. Figure 4 shows the temperature dependence of the S 1 and S 2 intensities as a function of temperature. As can been seen, the cooling (blue) and warming (red) curves do not overlap over extended range of temperatures. The thermal hysteresis suggests that the T In conclusion, the inversion symmetry and the crystal phase of T ′ -MoTe 2 was probed by Raman scattering. The two new shear modes that we observed and systematically analyzed provide strong evidence for the emergence of the orthorhombic T ′ -MoTe 2 phase upon cooling of the room-temperature monoclinic phase. This investigation opens up promising opportunities to investigate the theoretically predicted and yet to be experimentally confirmed type-II Weyl semimetal. We further anticipate that the cooling-driven inversion-symmetry breaking might also be probed by second harmonic generation [22, 23] . Finally, the thermally-driven stacking changes could also occur in atomically-thin T ′ -MoTe 2 , raising interesting questions regarding stacking-dependent vibrational, optical and electronic properties, which are know to display rich physics in, for example, another 2D semimetal graphene [34] [35] [36] .
